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- ing the lifetime of the carriers accurately. A numerical code was
developed for the calculation of noise, including quantum 1/f noise,
in infrared detector junctions. The quantum 1/f theory predicts
higher 1/f noise in the surface recombination current than in the
bulk recombination current, due to both the surface potential jump
and current concentration. Previous studies by Kleinpenning had in-
cludea only an empirical mobility fluctuation effect, ignoring the
recombination speed fluctuations which arise on equal footing in the
quantum 1/f theory. Also the Green function forthe diffusion equa-
tion was not included in the earlier Kleinpenning model. Our first
principle quantum 1/f calculation led to suggestions for noise re-
ductions. First a seminar was held at NVEOL in six consecutive sess-|
ions in January 1986.- Then several advisory consultations were per-
formed for the benefit of the DOD contractors producing the detec-
tors (Rockwell, SBRC, TI), and the detector performance was subse-
quently improved by two orders of magnitude along the lines suggest-
ed. However, we do not claim that the improvements were caused by
our contributions, although we may have been of help in clarifying
the physics of quantum 1/f noise.
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APPLICATION OF QUANTUM {/F NOISE THEORY TO Hg,

-xCd, Te INFRARED

DETECTORS

¥ Summary

The objective of this program was the application of quantum 1/f theory to
infrared detectors and suaggestion of possible improvements.
Both Hgy_,.Cq¢,Te n*o junnctions and MIS structures have been studied as
innfrared detectors on the basic of the Guantum {/f Noise appoach. The auantum
{1/¢ theory predicts b/oth a progertionality of 1/ noise to the reciprocal lifetime
cf the carriers, and a peculiar analytical dependence on the bias voltage. Both
relations have received excellent experimental verification with the help of A.
van der Ziel o+ the University of Minnesota and his group, and with the help of my
asesistant Q. Peng. A high frequency impedance measurement method was
developed for measuring the lifetime of the carriers accurately. A numerical code
was deveioped for the calculation of noice, including quantum 1/f noise, in
infrared detector jnctions. The guantum {/f theory predicts higher 1/4 ncise in
the surface recombination current than in the bulk recombination current, due to
both the surface potential jumo and the current concentration effect. Previous
studies by Kisinpenning had included only an empirical mobility fluctuation effect
(Hocge formula)y ignoring the recombination speed fluctuaticns which arize on
exual footing with mobility fluctusatiors in the aquantum 1/f theory.‘_ Lleo the
Sreen function of the diffusion ecuaztion was not included in the earlier
Hleirzerning model. ~ Our firest crincicle guantum 174 calculation led to
suggesticne for noice reductione. . Eirst a seminar was held at NVEOL in siv
t2nsecutive segsicns 1n January 19%8. Then several advisory corsultations were
gerformed for the hbenefit of the DOD contractors who fabricate the detectcrs
(Rozkwells SERC, TI)y and the detector performance was subsequently inproved by

two ordere cf magnitude along the lines supoested. However, we do not claim
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that the inprovements were caused by our contributions, although we may have
been of help in clarifying the phyeics of quantum {/¥ noice.

During thz pericd of this project 1 have first developed a second -quantized
derivation of gquantum 1/f\noice limiting myself to two particles in the final
state, and then ] extended this derivation to the general cacse of N particles
present in the final state. I alec have derived the quantum {/f cross
correlations and the corresponding cross -correlation spectray, which are
important for the calculation of guantum /4 noise in Kinetic coefficients such as
the mobility and the diffusion coefficient o¢ the current carriers in solids. In
order to better explain the foundatiens of gquantum {/f theory, I have given a
derivation of the quantum i{/f Schroedinger fields from quantum electrodynamics
with the use of coherent states. Finally, I have given a direct derivation of the
gquartum 1/ effect in time and =pace. In terms of applications, a quantum /4
noise study of MIS detectors was performed. Experimentally, with
the collaboration of the group of Frof. A. van der Ziel, an excellent experimental
verification of guantum 1/f thecry was performed on semiconductor diodes,
trarcictors and vacuum tubes, amd a review article on the results of the
experimental aclication and verification of my theory was published by A. van der

Ziel in the Proceedingz of IEES in March 1758,
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APPLICATION OF QUANTUM {/F NOISE THEORY TO ng-xCd,,Te INFRARED

DETECTORS
by

Peter H. Handel

Department of Physics, University of Missouri, St. Louis, MO 63121

1. INTRODUCTION
I.{ OVERVIEW

The present report will qive a general description of the extensive work

performed on Hgi-xCdee infrared detectors in the Scientific Service Program.
This work was done along two major directicns:

{. Aoplication of the quantum {/f theory to n*p diode infrared detectors
croduced by epitaxial growth or by icn imbplentation, oresented in Sec. II. This
work was performed in cooperaticn with Prof. A. van der Ziel and his aroup.

2. Application to metal-insulator-cemiconcductor (MID) infrared detector
structures, presented in Sec. ITL, This secticn is dedicated to a detailed quantum
1/¥ noise study of an important tvce of infrared detector, the metal - incsulator -
semicorductor structure,

See.dV. lizsts the publicaticrs cerrecperding to this grant period.

At the II] Conference on Quantum {/f Necicse and 1/4 Noise in Minneapolis,
Aoril 23-27, 1733, Prof. C.M. Van Vliet also presented a quarttum 1/ noise
derivation in the Van Hove limit. At present gur attention is focussed on

acplicaticre of the newly calculated cross - spectra of quantum 1/f noise to

Hgi-::':d‘.,Te in order to further 1morove the accuracy of our quantum 1/f noice

.




calculations in infrared detectors, and to find ways in which the noicse can be

further reduced.
1.2 SIMPLE DERIVATION O/F CONVENTIONAL QUANTUM t/f NOISE

The utilisation of infrared detectors at larger wavelenagths and in the staring
mode has made the limitaticns imposed by 1/ noise on the performance of n+p
diodes and MIS structures more stringent and conspicuous. On the other hand, the
development t.Df the quantum /¢ theory has provided us for the first time with a

possibility to predict, model and calculate from first principles the various {/f

noise contributions affecting the many currents and processes which are of
importance in the ooeration of infrared detectors.

The main purpose of our Scientific Service Program and of the present report
is to apply this new Knowledge of 1/¢ noise to n"'p diodes and MIS structures
working as infrared detectors., We start here with a brief general description of
quantum 1/f noise and continue in Sec. II with the inventory of varicus I/f nodse

componentes present in the current of n*p infrared detectore. In Sec.Jll3 we

analvze the gquantum { /¢ noise associated with the currents and procescses deIszrucfures
discussed in Sec. II1.2In Sec.lll we compare the 1/4 noise components in magnitude
and determine their imzact on the performance of M1S detectore., Finallv, in Sec,
Hi5we discuse the resulting 1/ noise limitations, and point out some possibilities
¢ reducing the quantum 1/£ nois2 inMISdevices. Asimilar discussion for n"p diodes
is given in Sec, 2.

Quantum 1/f noise!~S jg 4 fundamental fluctuation of phyeical cross sections
and procase rates, caused by the infrared - divergent coupling of current carriers
to low freguency photons and other infraguanta. The physical crigin of quantum

1/ noise 1¢ easy to understand, Consider for example Coulomb scattering of

electrons on a center of force, The scattered electrens reaching a detector at a

.
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given angle away trom the direction of the incident beam are described by
DeBroglie waves of a frequency corresponding to their energy. However, some o4
the elecrons have lost energy in the scattering process, due to the emission of
Bremsstrahlung. Therefore, part of the outgoing DeBroglie waves is shifted to
slightly lower frequencies and interferes with the main, non-Bremsstrahlung,
component, yielding beats. These beats precent in the probability dencity along
the direction of the scattered beam will be noticed in the detector as low
freaquency current fluctuations, ard will be interpreted as fundamental cross
section fluctuations. Altpcugh the wave function of each carrier is split into a
Bremsstrahlung part and a non-Bremsstrahlung part, no quantum {/f noise can be
observed from a single carrier. A single carrier will only provide a pulse in the
detector. Many carriers are needed to produce the 1/ noise effect, just as in the
case of electron diffraction patterns. While incoming carriers may have been
Poissen distributed, the scattered beam will exhibit super - Poicconian statistics
or bunching due to quantum {/f noise. The guantum i/f effect is thus a two -
carticle effect, best described through the two - particle wave function and two -
partizie correlation furmction.

Let us estimate the magritude of *he aquantum 1/f effect by starting with the

T2 s 51 Yl rile) £ = v . .
cizseical (Larmer) formula q¢‘/3c3 for the power radiated by a particle of charge

0 and acceleration V. The acceleration can be approximated by a delta function
-, —’J \ . - .
vit) = avg it whoese Fourier transéorm av is constant. The cne - sided spectral

. . —
densi*ty cf the emitted Bremsstrahlung power 2q(Av)2/3c3 is therefcre also

v . . ;

constant. The number 2alAV)</3h¢c3 of emitted photons per unit frequency
interval iz cbtained by dividing with the energv hf of one photon. The probability
- . . . . '_‘ -3 - .0 . B
amclitude 9f photor emiszian [.Q(Av»/e.m&] 172 is given by the sgquare root of
this choton number =pectrum, including alto a phase factor. The beat term in the

probability demsity H’]zis linear both in this Bremsstrahlung amplitude ard in




the non - Bremsstrahlung amplitude. Its spectral density will therefore be given
by the product of the squared probability amplitude of photon emission with the
squared non - Bremsstrahlung amplitude which is independent of . The resulting

spectral density of fractional probability density fluctuations is obtained by

o %
dividing with [{}'and is therefore

Wl""s,ww) = 8g2(av)2/3h§Ne3 = 2 A/ N = sy, (1.0

where & = 2e2/hc = 1/137 is the fine structure constant and X A = 4q2(An2/3hc3 is
known as the infrared exp/onent in quantum field theory, and is known as the
quantum i{/4 noise coefficient, or Hooge constant, in electrophysics.

Th_e spectral density of current density fluctuations is obtained by multiplying
the probability density fluctuation spectrum with the squared velocity of the
outgoing particles. When we calculate the spectral density of fractional
fluctuations, the velocity simplifies and therefore £q. ({.1) also gives the
fractional spectrum of current fluctuations SJ(H. as indicated above. The quantum
1/¢ noise contribution of each carrier is independent, and therefore the quantum
1/¢ noice from N carriers is N times larger; however, the current jwill also be N
times larger, and thereforfe in Eq. (1,1) a factor N was included in the denominator
for the cace in whichjthe cross section fluctuation is observed on N carriers
eimultaneously.

The fundamental fluctuations of cross sections and procese rates are
reflected in various Kinetic coeféicients, such as the mobility,a and the diffusion
constart D, the surface and bulk recombination speeds s and recombination times
7. the rate of tunneling j; and the thermal diffusivity. Therefore, the spectral
dercity of fractional fluctuations in all these coefficients is given also by Ea.
(1). This is true in cpite of the fact that each carrier will undergo many

consecutive scattering processes in the diffusion process. The quantum {/¢ noise
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in the mobility and in the diffusion coefficient is practically the same as the
quantum 1/f noise in a single representative scattering event which limits the
meck..ity or the diffusion coefficient.

Due to the rapid relaxation of concentration fluctuations, the quantum 1/+4
fluctuations of scattering cross sections will only be reflected by the
fluctuations of the mobility and the diffusion constant of the carriers, and not by
fluctuations in the concentration of carriers.

For large devices the concept of coherent state quantum 1/f noise was

introducedt!, 12. In this case the Hooge parameter

Xy may be written

X H = (K)o = 200/77 = 8.6 1073 (1.2)

where® = 1/(137) is the fine structure constant. This is of the same order of
magnitude as the empirical value oy = 2 10-3 that Hooge found for long devices.
It is therefore proposed that Hooge’s emprical value foro(; is due to coherent
etate quantum {/f roise, so that it has a very fundamental origin.

For small devices (e.g.y of size L < 10/,am) we apply conventicnal, or
i"'CChE"Ef"tQ'S, quantum 1/f roice which is just the cross section fluctuation

introduced above in Eq. (1.1). In that caseocy may be written
X g = i on = BR/3T) (AU /(c7) (1.3)

where A'-'v' is the change in the velocity of the carriers in the interaction process

considered. This expression holds for any 1/ noise source describable by
fluctuating cross sections. Since usually (avZ2/e¢?) << {, exéept for carriers with a
very small effective mass, we now have O‘H £ 3.1 1073, This may explain the low

values of O(H (in the rarge of dl—' = 10"5 - 10~ for very small devices. In
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between one can introduce a parameter s = (L/L ) L here L_is a characteristic
C o)

. . n
size and write 1‘-.

Xyy= oy p /S 6 s/ s, (1.4)

with s {< | for L/L, < { and s »» | for L/L,, »* 1. According to this rough
aporoximationi?, Lo i 100um for samples with a concentration c of carriers of
104%cm™3 and varies proportional to c~1/2, This describes the transition from
Ea. (1,2) to Eq. (1.3) when one aoes to devices with smaller and smaller sizes, as
we shall see below in £q. (3.21). A suggestion for the calculation of s was
presented by the author at the Rome 1935 Conf. on Noise in Physical Systems and
1/¢ Noise$ s = 2e2N’/m*c? = N’72 1012, where N’ is the number of carriers per
unit length of the sample or device in the direction of current flow.

vhen we apply Eq. (1.1) to a certain device we first need to find out which are
the croes cections which limit the current. and then we have to determine both

the velocity change@ v)of the scattered carriers and the number N of carriers

eimultarnecusly uveed +o test each of these cross sectiens.
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II. nt p DIODE INFRARED DETECTORS

II.1. QUANTUM {/f NOISE SCURCES APPLICABLE TO n+ p DIODES

1 i ] + . . .
The various guantum i/f noise sources present inn p dicdes which we will

consider here, have in common that they can be described by Eq. (1.3) with a A'\73
value described by an effective energy € = q\/o. where Vo is an effective

potential which accelerates the carriers
- n / - o)
(av<)/c< = 2E/m*cs = 2gV/m¥cs, 2.1

In various quantum {/f noise sources the applicable velocity change oV

determirnes the Hooge constant:

(a) Recombination qu:antum ! /f rioice in the bulk space charge region5:

S1h = %o | [tanh@v/aen] /e, + o) (2.2)

H = <4a/31f>4[2q<vdif-'v') + E:kTJ {(@'*)1/2 + qmo”)ifﬁ}--?c-?.

where Igr = gAWn;( pOV/ZKT _ 4y /¢ ’I;: ’t;,o) is the recombination current, T, 3Nd T,
the Sheckley-Hall-Read lifetimes, V the apclied voltage and V¢ the diffusion
potential of the junction. Introducing an "effective carrier number” N ¢ =

II;,I (Tnc:+'tpc,)/q [tanh(qV/:‘KT)], Ea. (2.2) may be written in the form

2 L} an
Spp =°(ngr‘-/“‘leff‘ (2.2a)

~—

(b) Quantum {/f noise in the surface recombination current of n*-—p diodes.
This etfect ic caused by quantum t/f fluctuations of the surface recombinaticn
crose cections. The calculaticn is similar to the previous (bulk) case. but the GR
procese 15 localized at the surface, and the additional electric field arising from

the potential jump 2U at the interface between the bulk and the oxide and
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passivation lavers will lead to increased velocity changes of the carriers in the

recombination process and 1o larger &y values. Including also the quantum {/¢
mobility fluctuation noise of the spreading resistance caused by the
concentration of generation and recombination currents at the intersection of the
depletion region with the surface of the diode, we obtain a current noise

contribution

S1th = oya[1p. | [tanhi@v/2kn] 74, + 2pg)
/ ~ fo)
+ %, Wg? (Tne? [incarvh)]2, (2.3)
'y = uw/:-37.‘).[:2q(vd“+u—v>+3m‘_]{(nh**)if2 + (myM1/2}=2c=2 (2.3a)

Here the primed guantities refer to the surface, i.e. we have introduced the -
surface GR current I'gr’ the lifetimes in the vicinity of the surface and the x'y
parameter for surface recombination. P is the perimeter, A the area and W the
width of the junction. The quantum {/f mobility fluctuation part is expresced in
terme of the global Uﬁ/uparameter which includes all types of scattering weighed
with the appropriate mobility ratio factors. Introducing again an "etfective
carrier number” N'gie = “'grl (t'no"'['po)/q [tanh(q\//’zk“l'ﬂ , the firet term of Eq.

(2.3) mav also be written in the form:

Speh) = o (1 g )2 /N g (2.4)
Due both to the surface potential jump 2U and the 1/f noise of the spreadino
resistance, the curface recombination current will be noisier than an equal bulk ~—
recombination current, and this ic in agreement with the experimental datai‘z.

(o) Injection - extraction auantum 1/f noise®, due to injection or extraction of

carrierc across barriere, In this cace, for not too small currents

Syt = Kyng ff a4t




o

|

ini = 4/3M [ 20Vgi6-\1aakT] /m e, 2.5

where [ is the injected current, and 7 is the time of passage of a carrier through
the barrier region. Introducing again an effective carrier number Ness = 1T/q Eq.

{2.5) may be written in a more general form, valid also for very small I
2 ~
Sr(f) = aHniI‘/‘FNef{- (2.5a)

Mote that in each case Ngg¢ as long as it is larger than 1, is proportional to I
(otherwise Ng¢s = {, see below), and that® y depends on bias.

(d) Recombination in the p region of a long N*-p diode of length W > (an;_‘)l/z

vields, as shown in Sec. 4.3, Eqs.(3, 15)-(3.19) on fP 30-31,
1 =y TIQF (a)/ fg, = ¥ IS/ 6N g4 (2.6)

Negs = |I] n/aF (@), Ny = (Ba/370) (3KT/"h*c3]'. 2.6a)

Here F(a) is given by Eq..(3. I‘:)of Sec. .3, p.30 below

Fla)= 1/3 - 1/2a + 1/al -« (1/a31n(1+a), @0
where
a=eupeV/KT) - {. 2.3

o ot

In this case &H is very small. Therefore this contributicon will often be masked by

mobility fluctuation 1/¢ noise.

e} Recomkination quantum 1/f ncise at the p - region contact. The carriers
loge an average eneray 3KT/2 in the conduction band in the recombination process,
gain an eneray of the order of aEj gye to energy differences of the order cf the
band gan Eg accelerating the carriers at the contact surtface, and gain an average

energy 3KT/2 in the valence band, 5o that




—15 —
““Hne = (%37 [(2ag, + KT/ m *c]. 2.9

This effect will be important in short diodes (W_ < L)y where the recombination

p
speed at the contact patially determines the current through the device.

($) Guantum {/f noise in the tunneling rate. Tunneling is observed in n*—p
diondee with sufficient gate bias2, if we assume that the momentum change of

the carriers in the tunneling process is of the order of the thermal r.m.s.

momentum. we cbtain a minimal quantum {/f noice power spectrum
SI(f) =“H12/4Nef;; Neff = ‘Il‘t/q, (2.10)
/
*,. = (30/3M 3KT/m *c? (2.11)

where 7 is the time of passage through the barrier, or tunneling, i.e. the time
during which each carrie:- contributes to the current through the barrier. Since

the width of the barrier crossed by tunneling is small, this time is very short, of

the order of 10-14¢, Ng¢s will then become larger than 1 at currents exceeding

10734, leading %o a limear current dependence of the noice powsr, At lower bias
Noss must be set equal to unitv in Ea. (2.10). and this gives a quadratic current
dependance. On the cther hand, at large applied veltages. or for tunneling cut of
a metal, KT has to be replaced by a larger energy in the expression of &Ky,

(2} Mobilitv fluctuation 1/4 noige in a 1ong n+-p diode. Although characterized
mainly by a well defined mementum transfer ¢4 the carriers rather than by an
effective energy, and althouah we have discussed it already above, this important

procese is listed here again., As chown in §ec.lll.3,f,b,this contribution can be

written 1n the form

Spth =Xy 1] qF (a)/ g, = XTI /#N ggi Nogg = 11{7/aF (@), 2.4

where Xy is given by




etime

Ay = (40e/37) Lh/m*ac]’zexp(- 6,72T) + (det/3MekT/mE] (2.13)

for small devices, and is usually larger than in the case (d), particularly if the
effective mass of the carriers is small. Here 90 is the Debye temperature, a the
lattice constant, and T the temperature. The first term in Eq. (2.13) is from
umklaop and inter - valley lattice scattering, while the cecond describes normal
scattering processes. The function F(a) is again given by Eq. (2.7). In general
this contribution includes umKlapp scattering, intervalley scattering, normal (non
- Umklapp) phonon scattering, impurity scattering, and optical phonon scattering
contributions in the quantum 1/ mobility fluctuation Hooge parametero(/u. For

/
large samples or devices, Eqg. (1.2) is applicable, Eq. (1.4) is a suggestion for the

trancition region,
11.2 DISCUSSION AND RECOMMENDATIONS

The quantum i/f noise formulae presented above have been applied by Radford

ard Jeres< +0 1/f noise in GR, diffusion and tunnelirg currents in both double
epitaxial laver and ion implanted n*-p HoCdTe diodes. They cbtaired goed
agreement with the experimental cata in general, but were a factor 20 beleow the
measured values at positive gate bias, when an inversicn laver formed at the
curface, This discrecancy may be due both tc the presence at positive gate bias
of a noizv surface GR contribution (Eags. 2.3-2.4), and to Kinetic energies of the

tunneling carriers above the thermal level in the vicinity of the inversion laver.

Another previoucly unexplained fact noted was the difference in the fractional
noice leve] cf surface and bulk recembination currents. Thie is caused in Eqs.
(2,2-2.4) both by the surface potential jump 2U of the order of { Volt orecenrt at

the interface between the bulk and the oxide and passivation layers, and by the

guantum 1/4 mobility fluctuation noise in the cpreading resistance which affects

the passaage of carriers to and from the perimeter of the junction. Furthermore.
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the higher noise level of ZnS - passivated diodes may be caused by a larger

surface recombination speed associated with these coatings compared to Si0,

passivations, and by a larger effective value of U. The larger surface
recombination speed pulls more of the recombination current from the bulk to the
surface where it has higher fractional noise. The larger potential jump U
increaces the applicable Hooge parameter according to Eq. (2.3). Finally, the
larger fractional {/f noise levels of ion implanted junctions is mainly caused by
the {-2 orders of magnitude lower carrier lifetimes in Egs. (2.2-2.13), which yield
1-2 orders of magnitude smaller N4 values and larger fractional noise power
values by the same factor,

In order to reduce the fractional noise level, the theory suggests the use of a
eurface passivation which lowers the surface recombination speed and the surface
potential jump. The ideal "surface" would be a gradual increase of the gap width
starting from the bulK through compositional changes leading to a completely
ineulating stable surface outwards, without the gerneration of surface
recombirmation centers. In addition, the life time of the carriers should be Kept
high, and abrupt or pinched regicnsz in the junction should be avoided. The
reasonable choice pf other junction parameters, including the steepness of the
rnetion and the geometry should yield lower injection - extraction and bulk
recombination noises by emphasizing the presence of the larger hole masses in
the derominators of the above eroressions. Finally, coherent state 1/f noice

should be avoided by all means by optimizing the dimensions.
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111. APPLICATION OF THE QUANTUM THEORY OF {/4 NOISE TD MIS

INFRARED DETECTOR STRUCTURES

III.1 INTRODUCTION

The gquantum 1/+4 noise theory is applied to the calculation of i/f-noise in the
various dark current components which limit the performance of MIS Infrared
detectors. The diffusion current trangporte minority carriers from the bulk to
the surface inversion layer and is affected by coherent states quantum {/+ noise
in the mobility, as long as the device is larger than approximately 10}Lm2 in area.
For smaller devices we expect the smaller conventional quantum 1/f noise of the
scattering cross sections to be expressed in the mobility and diffusion
fluctuations. Guantum {/f recombination epeed fluctuations appear as
fluctuations 1n the thermally generated current of minority carriers both at the
surface and in the depletion regicn, which are majority carriers in the inversion
layer. The rate of tunneling also precents quantum 1/f fluctuations which are
calculated both for band to band tunneling and ‘or tunneling via bandgap states.
with the help of the same fundamental quantum {/f formula used for the diffusion
ard recombination currents, Conventionzl quantum 1/f contributions are smaller
for holes than for electrons, becavse they are inversely proporticnal to the

effective mass.
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II1.2 CURRENTS IN MIS DETECTOR STRUCTURES

MIL Jetectors? are different from photovoltaic detectors, because they do not
contain a pn junction obtained by inhomogeneous doping, and use an insulated
field plate, or gate, placed on top of a homogeneously doped narrow - bandgap
semiconductor. The gate is used to control the surface potential, driving the
semiconductor surface into deep inversion. The field of the induced quasi - pn
Jjunction obtained under the surface of the gate in the homogeneous semiconductor
material is used to separate the carriers gaenerated by photo electrically induced
band to band transitions just as in a photovoltaic device. The MIS infrared
detector is therefore similar to a capacitively coupled photovoltaic detector,
without the inconvenience of inhemeogeneous doping processes.

MIS detectors are operated in the pulsed reqime by applying the gate potential
which creates the inversion under the surface for a finite time only, and by
aprlying subsenuently a potential which flattens the energy bands near the
surface and releases the carriers which had accumulated from photo electric
effect and dark current procecsces during the preceeding interval., The electrical
zignal obtained when the carrierc are released, i.e., during readout, is
proportional to the number of carriers accumulated, and therefore to the total
current supplying the iﬁverted volume under the surface with minority carriere
from the bulk and from various thermal and photo electric processes in the
depletion, inversion and surface regicns. This electrical signal is used in order
to determine the flux of infrared radiation, For this determination, however, the
dar¥ current contribution needs io be subtracted first.

Tre dark current is the currert suppiying the pctential well, defired by the
inversion region under the surface, with minority carriers in the absence of the

applied infrared flux. Any low - 4érequency fluctuation in the darK current will be
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interpreted as a fluctuation in the major infrared flux signal. There<fore

fluctuations of the dark current at frequencies below the readout frequency will
limit the performance of infrared detectors. In the pulsed mode of operation
considered here, the dark current is monitored only during the inverted phace,
when carriers are accumulated in the potential well, Therefore the cross sections
and process rates which control the intensity of the dark current are not observed
continuously either, Nevertheless, the quantum 1/f fluctuations of these cross
secticns and process rates will be the came as if we would have cbserved them
continucusly. Indeed, the changes in the incoming flux of electrons testing all
crocs sections and process rates in the semiconductor is only slightly affected by
the applied gate voltages, and is present also in thermal equilibrium. This
independence of 1/f noise on the continuous or discontinuous character of any
applied bias has been experimentally veritied!s during the last 2 decades, and
has been found to be in agree.rent with the interpretation of 1/f noise in terms
of fundamental resistance fluctuations. Although the experimental verification
was perfarmed on fluctuations in conduction only, from the concept of quantum

{/f noise we Know that the éimilaritv of quantum 1/4 noise in the continuous and
pulsed regimes should be also true for quantum {/f fluctuations in recombination
croce zecticns and tunneling rates.

The dark current has to be subtracted from the total current in a (HaCd)Te MIS
device to yield the photccurrent. Therefore, the minority - carrier dark current is
the singie mest impertant parameter fzr the operation of MIS devices as
detectors infrared radiation’. This aoplies both to operation of MIS devices in

‘the thermal equilibrium mode, in which the dark current determines the MIS diode
imoedance, and to coeraticn in the dvramic, or irtegrating mede. in which the gate
valtane is pulsed, and in which *he minority - carrier dark current determines the

stocrace time of the device. The main component of the dark current in narrow
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bandgap HgCdTe is the tunneling current via bandgap statesg. which can also be
considered as an electric breakdown effect. In general, the tunneling current
occurs both through band to band transitions and through intermediary states.

The bard to band tunneling current through a simple triangular barrier is
Jip = <q354>!4':r3h2)(2m*/sq)1/2e>:p[_4(zm*)sg3/2/3thz]. XY

where E 15 the electric field associated with the barrier, and Eg is the bandgap.

The electric field can be approximated bv the electric field at the semiconductor

surface

E= (2an@§ €172, (2.2)

where %represents the empty well surface potential, and Ny is the doping
concentration. Substituting this value into Eqg. (2), with rn’"/mD =7 10-259. we

obtain?

Jpp = 10'2n01/2¢93/29xp[— 4.3 10105192/(n0?§)1/2J Alcme, (2.3)

where rnc is in em™3 and En.g in volts, Therefore the tunneling current is
stroncly dependent on the bandgap and also depends on the doping concentration

and the surface potential.

1

sperimental values of the tunneling current are usually larger than £q. (2.3)

iy

eczus

D

of the additional effect of tunneling via bandgap states. This eféect is
particulerly important inn ~ tyge devicee10, Indeed. in n - type devices the
aprlied gate voltage is negative in order to produce depletion at the surface. The
energy bands are therefore curved upwards at the surface, and transitions of
electrons from the valence band o Shockley - Read (SR) states at the middle of
the bardoap, as well as the subcsequent transitions from thece states to the

conduction band are facilitated by the presence of many defects right at the
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surface of the semiconducter. In p - type devices the similar indirect tunneling
processes occur father away from the surface, because in this case the bands are
curved downwards at the surface, and transitions of electrons from the valence
band to the centers at the middle of the bandgap, as well as the transitions from
the centers to the conduction band well at the surface, occur right where the
curvature begins, i.e., further away from the surface. We conclude thatinp -
type devices there will be fewer SR centers active in indirect tunneling, and
therefore the tunneling current J. via SR centers at a given teperature and a
given applied gate voltage will be smaller. The tunneling current will be further
reduced in p - type devices due to the lower density of states present in the
surface potential well due to quantization of the motion of the electrons in the
potential well at the surface. The reduced values of the dark current in p - type
devices correspond to higher values of the breakdown field in these devices, The
best measured valuel® of the b-eakdown field in io/m cutoff p - type devicee is
ineress of 1.0 Vfum. whereas that for n - type material of similar bulk defect
cuality 15 0.5 ‘\/ﬂ.‘m. On the other hand, the mincrity carriers diffusion current is
iarger in p - tvype devices due to the smaller mass and higher 4iffusion coretent
=¢ electrons compared to holes., The advartage of p - type devices is therefore
cerziderable only in the caze of very narrow bandgap and very long cuto$f
wavelengthe, Lle chall therefore conszider both the cace of p ~ type and n = type
cevices. The large di$fucion current present in p - tvpe devices corresponds to
*re large value of the diffusion length of electrons and can be reduced by thinning

the device, i.e., by reducing its thickness well below the diffusion length.

Irn general the dark current Jd can be written in the form

dif P ddep T It g e et Ty *”’7% (.4
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The eight terms on the right hand side correspond to minority carrier diffusion

itk

from the bulk, gemeration from SR centers in the depletion region, generation

4 from SR centers at the surface, band to band tunneling, tunneling via SR centers,

tunneling via surface centers, recombination on the back surface and photoelectric

generation by the thermal radiation backaround flux S; We shall give the

abunteistibnsinanbii i

formulaei® which determine these terms below, also including an example of their

calculation in a p - type device

Jaif = (qniz/po)[k'guqug 172 = (1.8 10719C224-102% cm™6/1015cm™3) {o.ow

1.5 105(cm2/v5)/1o“5s]“2 =2 10"%A/cm2, (2.5)

Tgep = amW/2, = .6 1071%C 6 1012em™3 2 107%em /2 10749

= 107%A/em? (2.8)
Jo = Jy = anys/2 = ALs 107190 4 1012em™3 20em/si = 1.8 1070 A/em?, @)

A 10‘13(Nrﬁaﬂzg) exp [-5.3 10PE2/€] = 107131 1042em™30.2v/0.062W)

exp{-5.3 10F10.062V)7/3000V/cm] = 210"%A/em?, (2.3

- n i -
and J.. was given by Eq. (2.3), vieldirg 10 7A/cmS, Here n =6 1012cm™3 iz the

imtrircic carrier concentration, ard the concerntration of holes was taken to be Pa
= 1013cm™3, The mobility P 1S £015em?/ Ve az well as the life time T = 1076
of the minority carriers have to be replaced by P and Tf for the case of n - type
devices. The surface recombinaticn speed was denoted by = = 40cm/¢g, and the
concentration of intermediary states effective for tunneling was denoted by Nr =
5‘101:cm’3. The bandgap considered was Eg = 0.0585eV, the surface poter?tial ‘éﬁ

0.2'7 a~d *he electric field below the syrface E = 3000V/cm. All numerical values

have beanincluded only as an evample and are not characteristic ot a particular

gevice. The numerical factors in Eq. (2.5) correspend to p - type HoCdTe with &

ZO/u. m cutcff wavelength and were taken from the paper of Kinch and Eeck!0, Fer

—— e ———————
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n - type devices we also need to include tunmeling via surface states. [f the
density of fast surface states is denoted by Ngg = 1012 em™2v™1, the current

generated from tunneling via a uniform density of fast surface states across the

bandgap will be given by9
Jige = -Q ?piNfSKT/ZQ =1.75 10™% Asem?. (2.9)

The sum of the first seven currents on the right hand side of Eq. (2.4) must be
smaller than the eighth which corresponds to the thermal radiation background
flux, for backaround limited (BLIP) operation. Although not all terms in the dark
current are of importance, we still retain them at this point, because their
quantum 1/f noise may be quite significant, even if the corresponding curren* is
neglijible. We shall now proceed with the calculation of quantum {/f noise

contributione from all these currents,
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111.3 QUANTUM {/¢ NOISE SOURCES
1. 1/% Noise in the Diffusion Current

The diffusion limited dark current Jy; ¢ will exhibit 1/f noise due to
conventional quantum §/f fluctuations in the scattering cross sections of the
carriers due to phonons and impurities. We apply the fundamental formula given
by Eg. (1.1) for an individual scattering praocess in which the velt;city change A_v)is
given by the thermal energy of the carriers, with the assumption that the
collisions are perfectly randomizing collisions. If the velocity-v?is rotated by an
angle § in an elastic collision, the velocity change isIA'\7|= 2v sin(@/2), Averaging

over all angles and velocities, we obtain

ol
\

22 2

AV2 = 4v2 Sin2@ /2) = 2vE, 3.4)

and therefore from Eq. (1.1) we get in thermal equilibrium at the temperature T

the 1/f noise cosfficient
ol H = (4l/370(6KT/m*c2), (3.2)

where we have assumed a Maxwell distribution of velocities. For Hgy_,Cd, Te
with % = 0.2 we have '“n* = 0.008m, and for x = 0.3 we have mn* = 0.02m,.
Therefore we obtaingl |y = 2 1077 in the first case ando/y = 7.5 1078 in the second
case.

For the case of Umklapp scattering, which accurs in semiconductors only to a
limited extent due to the relatively small number of r;igh momentum phonons
available at the temperature T, the momentum change of the electron is given by
the smallest reciprocal lattice vector, and therefored v = h/7am®. We therefore

obtain the quantum 1/ noise coefficient

oLy = (BR/3th/m*an)?, (3.3)
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which is much larger than Eq. (3.2}, but has to be multiplied with a negative
exponential which describes the scarcity o# phonons with mementum of the order
of a reciprocal lattice vector. [The negative exponential e'g/ T could be included
in the current weight factor which will be defined below in Eqg. 43, but we prefer
to include it here alreadyl. Combining Egs. (3.2) and (3.3), we obtain for

conventional i/ noise in the mobility and diffusion ccefficients
&, = (4e/3NLEKT/m*c?) + h/m*acZexpl-6/T), (3.4)

where & is about half the Debye temperature for simple metals, but may be
higher, of the order of the Deby.e temperature, for semiconductors.

The quantum {/¢ nbise considered so far is Known as conventional quantum §/4
noize, «nd affects cross sections and process rates. In sufficiently large
semiconductcre samples we expect a larger form of quantum 1/# noise, described
in Appendi» A and known as coherent state quantum 1/f noise. For this type the

1/f noise coefficient is given by
O o = 2%AT = 4.6 1073, (3.5

The values of the quantum 1/f noise coefficient given by Egs. (3.1) - (3.5) can
be used to calculate the quantum 1/f noise which affects the various currents
listed in Eq. (2.4). We first consider the case of the dark diffusion current of
electrons «From. the bulk through the surface barrier in a p —~type MIS device,
similar to diffusion in a n*p junction, because in both cases the current is
determined by the diffusion of electrons which are minority carriers, against the
built - in field of a Boltzmann potential barrier into the surface well, and by the
thermal generation of carriers there. We start with the derivation o¢ the
mability fluctuation part of quantum {/f noise in a n*-p diode. For the MIS

barrier, just as for a diffusion limitted n*-p Junction, the current is controlled by
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diffusion of electrons into the p - reqion over a distance cf the order of the
| diffusion length L = (D%, )1/2 which is usually shorter than the length wp, of the

p - region. If Nix) is the number of electrons per unit length and Dn their

skl asl

diffusion constant, the electron current at  is

Ind = - eDndN/dx, (3.8)

where we have assumed a planar juncticn and taken the origin x '= 0 in the junction
plane. Dirfusion constant fluctuations, given by KT/e times the mobility

fluctuations, will lead to local current fiuctuations in the intervaldx
S 1ngtxit) = g dDptxst1/Dp,. 3.7)

The normalized weight with which these local fluctuations representative of the
intervalA x contribute to the total current 14 through the diode atx = 0 is

determined by the appropriate Green function and can be shown to be

(Ax/Llexp(-x/L) for wp/L >> 1. Therefore the contribution of the sectionAx is
Jaly4ixst) = @x/Dexpt=x/U4d D, xs1)/Dpy (3.9)

with the spectral density

S41g00ef) = (Ax/LI2 expl-2x/L) 142 Sy, $)/D 2. (3.9)

ot Akt bo et et + b e

i For mobility and diffusion fluctuations the fractional spectral density is given by
A Hnd? FNA%, wherepl g is determined from quantum 1/4 theory according to Egs.

(3.1) ~(3.5). With Eq. (3.6) we obtain then
Sp1g®rf) = Ax/L2) expt=2x/L) (@D dN/d)%g (yrq/ FN. (3.10)

The electrons are distributed according to the solution of the diffusion equation,

i.e.
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N(x) = TN(O) -NpJ exp(-x/L) +Np; dN/dx = ={CN(O) -Np]/L} expl{-x/L). (3.11)

Substituting into éq. {3.10) and simply summing over the uncorrelated

contributions of all intervals Ax, we obtain
%
- 22 0 = 2_-4x/L - -x/L
Spgtf -dHnd(eDn/L ) f[N(O) NpJ e dx /7{CN{0) NpJe X +Np}; (3.12)
0

We note that (eDn/Lz)2 = (e/'rn)z. With the expression of the saturation currevnt
Igp= e(Dn/fcn)“sz and of the current I = IoCexp(eV/KT) - 11 we can carry out the

integration
]

Spg(h = X yngel/$7,) f a?uidu /tau + 1)
o/l

= Xpng(el/FTy) [F@) ~Fla e ™ /L= Xy ylel/#r)aw/Ta + DL, (3.13)

the last form being for w_ << L. Here we have introduced the notations

P

u=exp(-%/L), a=-expleV/KT) -1,
Fla)= 1/3 - 1/2a + 1/a% - (47adnit+a). (3.14)

For W >> L we have Flo) = 0, and the second term in rectangular brackets drops
out in Eq. (3.13).

Eq. (3.13) only contains the fluctuations in the mobility and the diffusion
constant, Ina s;irnilar way we calculate the quantum 1/f fluctuations of the
recombination rate in the bulk of the p - region. We have for the recombination
current Alp(x) in a section dx», if N’(x) is the excess carrier density, -

Algt:) = eN'tx)an/T,, (3.15) |
Putting C = 1/7 and bearing in mind that T, and hence C,,, fluctuates, we have

for the section Ax,

JAXR(M. 1) = AIR(x)[JCn/CnJ,with
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Scn0tf/Cn 2 =l e/ FAN (3.16)

so that, since N(x) = AN/Ax,

Hnr

= (82 IN" 0 T2 /42 2N O0NAK, (3.17)

where N‘0t) = [N(0) = . JJexp(=x/0) and N(x) = N‘0G0) + Np as before,

It 15 easily shown that the fluctuating current JA1(x, t) at the junction is

dBI0x, 1 =B Igti, Dexpl-x/L) (3.13)
<0
e
” o) ”
S16 2l e @ ZNGL/ATD) !{EN'(x)J"/NpN(x)}exp(-Zx /Ld(x /L) =

oL He®1o/FTry § [a?u3/tau + D3du =y el /47, TEF @ - Fae™/Li1  (3.19)
' Epwp/L

where F(a), ay and u have the same meaning as before.
We can use the similarity of the quantum {/f noise results for diffusion
current fluctuations caused by mobility fluctuations and by recombination speed

fluctuations in order to combine both into a single formula
S =@ g +d g 17T, 10F (@) - Flae™w/ L)1, (3.20)

In the limit of very short devices (w_ << L} the last factor becomes aw/[fa + {)L],

p

and in the limit of long MIS devices (w_ >> L) it simply becomes F(a). In addition

p
we have a current noise contribution S Jp from the quantum 1/f fluctuation of the
- recombination speed s on the back surface.
€c far we have considerad only conventional quantum 1/f noise which is
applicable to sufficiently smail devices. In general, however, we must

interpclate between conventional and coherent quantum {/€ noise, accerding 4o

the relation

AHZ (171 +9)102 A/$1+ [s/U8 + 8)IL2{/7T#D, (3.21)

;_




where s = & /Ey = ZEZN‘/m*cz. and N’ = nS is the number of the carriers per unit
langth of the device. s represents the ratio between the magnetic energy per unit
length and the kinetic energy per unit length of the device. The gquantity e2/m*c2

= rom/m* can be calculated in terms of the classical radius of the electron Fo =

2.34 10713 cm. Then we obtains=2r N’m/m¥, i.e., the parameter s represents
o]

twice the numter of carriers present in a length of the device equal to the
classical radius of the electron. We must compare s withT A, and if s <<71A we
apply conventional guantum /¥ noise, whereas for s >>;1 A we have to apply
coherent quantum {/f noise. In general the approximate formula of Eq. (3.21)
must be used for the transition region.

The dimensionless parameter s is easy to calculate in any practical case. For
instance in the case of a MIS device of area So/arn » 504m with a concentration of
carriers of 1016 cm™3 we obtain N’ = 2.5 1011/cm, and with m/m*® = 50 we obtain s
= 7. On the other hand, we can estimate A for conventional quantum 1/f noise and
we will certainly find A << 1, because the velocity change af the carriers must.be
much smaller than the speed of light. Therefore, in this case we must apply
coherent quantum 1/f noise, because s >> TA. Consequently, in Eq. (3.20) we must

set
- - (4 3 2
A Hd +';£H r 'd'c:h =45 10 (3.22)

The coherent state quantum 1/ noise coefficient thus replaces the total

conventional Hocge parameter.

2. 1/ Noise of the Recombination Current Generated in the Depletion Region

The gquantum 1/f noise of the recombination current thermally generated in the

depletion region arises from quantum 1/f fluctuations of the bulk recombiraticn
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rates in the depletion region. The difference between the recombination rate R

and the generation G is given by
R =G =(pn-nZ1/Lin+ ny)zgy + (0 + pyir ] (3.23)

where ny and py are electron and hole densities when the Fermi level lies at the
trap level. If the trap level lies at the intrinsic level, Ny = py =n;. Moreover,

‘:po and'l.',.,0 are time constants for electrons and holes. If A i the cross -

sectional area of the junction, the current is

s w”
n
1= je(R -G)A dx = e{[pn -n%3/ln+ ni"rpo + (D +npglAde (3.24)
0
o)

where w is the width of the space - charge region and the trap level is assumed
to lie at the intrinstic level.
We naw turn to the g - r noise. The ‘ime ccnstants 'rpo and T np fluctuate in a

1/¢f fashion and this produces the quantum 1/f contribution to g - r noise. We now

write
Tho = “Cn
rpo = 1/Cp - (3.29)

where C, and Cp are the generation (or combination) rates for a single electron

and for a single hole, respectively. Consequently

8T no’The = =6 Cr/Cr)

8T po/Tpg = ~dCy/CY) (3.26)
We now apply this knowledge to Eq. (3.23) and observe that

J(R -G = LRI - Glx)]

{C'n "’”i)?po(gcplcp” +C(p +pi)Tno([Cn/Cn) /0N *ni)z'po +@+nT 2. B2
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so that with
W

d1= e/J[R(x) = G(x)JAdx, (3.23)
(o]

the noise is
“w W
Spth = ezf[ [RED = G JALRK) - Gx)IA
4
(Ltn + np 2T 5028tk 1y A/CH2 + o + 2T 280y 17 /CH?3

7tin + ngT g + (p + m)T 0 12 3dx, (3.29)

since § Cp and 4 Cp, are independent.

We now observe that
pn - nzi = nzitexp(eV/ZkT) = {1lexpleV/2KT) + 11 (3.30)

and that the integrand in Eq. (3.29) has an appre.iable value only if p= n = n{
exp(eV/2KT). By substitutingn +n; =p + n = nitexp(eV/Ek’l') + 1] we define an

effective width Wegs such that
w—

eA J {{pn - nzi)dx 370N+ "i’z'po* {p+ ni)Z'nDJ
°

= eAUpn - n))/n;Cexple V/2KT) + 113 lwg e/ Tpg +T g (3.3D)
We may thus write

I=15n = @Awggen;CexpleV/2KT) - 13/ 55 +T no!

= [eNg e/ (T po +T ) Ttanh eV/2kT (3.32)

~—

where Ngce = AwgeniLexpleV/2KT) + 11 is the effective number of hole - electron
pairs taking part in the conduction and noise processes. This equation is exact

but nat very useful since it contains the unknown parameter We gge

We now turn ta Eqg. (3.29) and observe that

——————————————




Scp(x. X’ f)/Czp = (bZHp/f)/[R(x') + G(x ’)J(‘['po +7 n,:,)A}J(x' -x) (3.33)
and

Scnte X' AI7CZ = (K yn/H/ TR + G VIT ng +T gl AYS(x’ = %) (3.34)

The factor (Z'no +T po) enters in because SCP(x. X% 'F)/Czp and S (xy x*) f)/Czn
must be independent of tpo and Zno if p”-'n‘:ni exp(eV/2KT). This yields, if we

integrate over the § function
@
ENOE ezf {IR(x) - G(x)]zA/(Z‘po +7 no! [RMK) + GOOT)
o .
2 ~ 2 ,
CTn + 12T oS pp /6 + (0 + Y20 B/ F1/LN + 1T 0 + B 4 nZ0 720X (3.39)
We now observe that the second factor in Eq. {3.35) is practically a constant

as lon3 as p and n are comparable. We may thus bring that factor outside the

integral sign and write

20 2 2r 2
Cn + 0 T ool Hp/ f + P + 1) Z o O Hn/ 1

-

1L+ 0T+ @+ )T g2 =X 1/t (3.36)

whered y is given by

A H = Cpollpo *T nd@ i * Tno/Tpo *Tro!Ppn  3:37)

We thus have
w—

$160 =1t o/ #Tpg +7 po 1 J [R&X) - G I2A[R) + G Ydx

= yelgn/#Tho +T po)]tanh[eV/ZkT] © 339

We can now prove £q.(3.38) in a Hooge - type formulation C{1J.

Here vwe put

SA/T2 0 =l /6N (3.39)

ar




But according to Eq.(3.32), I = (eNE”/E)tanh eV/2KT, so that

g

- Spid =0l ylel g /#TItanh eV/2KT, T= (Thg +T o) (3.40)

in agreement with Eq.(3.33).

We can also prove Eq.(3.38) from the following consideration. We write Ig,.. =

(Ng¢441) tanh eV/ZKT, where 41 = e/T fluctuates. We then have,
SApP/AB 12 =k /7§ or S, 160 =i 1/ He /DAL (3.81)

so that, since the N ¢ hole - electron pairs are independent

~

S 119 = Ny ((SAr(R) = (eNg a1/ Ty = Llelgn/fTW ytanh ev/2kT  (3.42)

whered 1 is given by £q.3.37) and T=.(T,, +T pols

The last two approaches are easily extended to other cases; the method works
as long as a time constant T and an Ng¢s can be defined.
We finally evaluated Hp andA gy, from quantum {/f noise considerations (21,

[31.
A pn = BA/3TNBVZ /c?) = 8l /3RCL2ealV 3¢ - W) + BKTI/m* 23 (3.43)

A Hp = BVIMUAVZ /) = ad/3MEzelt - a)(Vyie = VI +3KTI/m¥ c2l (3.44)

p

and as a consequence (see £q.(3.37) and
= QA/TOCL2e(V g = V) + 6KTI/Lm* 3172 4 (m* 1172322 (3.35)
AH dif n p

The prcblem has hereby been solved. Note that in Hg_,CD,Te with x = 0.3, m¥

-x n

=0.02 m, m*p = 0.55 m, so that t(m"’n)“2 + (m"'p)i/2 32 = 0.7€ m, very much larger

*
thanm ne
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3. Noise in the Surface Recombination Current

-The surface recombination currnet is a dark current component originating
from surface states at the interface between the surface passivation layer and
the bulk. The recombination cross sections of these states will exhibit quantum.
1/f noise. The quantum 1{/¢ noise coesficients| H ret+lects the velocity change of

carriers involved in this process
oL iy = @l /302 /m*cILIKT/2 + eU/2 + 0.1eV], © (3.46)

where U is the surface potential jump present between the surface passivation
layer and the bulk even if no gate voltage is applied, and V is the applied ga.fe
voltage which we take with a cbe#icient less than umty, here for example with a
weight of 0.1.

The calculation of surface recombination guantum {/f noise is similar to the
calcuiation of quantum i{/f noise fram recombinaticn in the space wharge region.
However, in this case the cross sections are not distributed over the width of the

Junction, but rather are concentrated at the surface which is caracterized by the

surface potential d’s. _Therefore we can write an expression of the form

Sggth =& peJd tanh x /(T +7  Jexple R/KT). (3.47)

po

We note that the fabrication process of MIS structure introduces less bulk
defects than the fabrication of photovoltaic devices. Nevertheless, the
fabrication of MIS devices introduces some defects in the bulk layer located right
under the surface. These defects will manifest themselves through a contribution

to indirect tunneling.
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4. Quantum {/f Noise in the Tunneling Rate

In the case of tunneling from a surface accumulation layer ta the bulk, the
velocity change of the carriers will lead us from the thermal velocity of the
carrier on one side of the barrier to the thermal velocity of a carrier on the cther
side of the barrier, if band to band tunneling is considered. 1f, however, the
tunneling goes via intermediate states located in the bandgap, the velocity is
zero as long as the carrier is staticnary in the intermediate state. We can

therefore write the 1/f noise coefficient

o, = (8 /37)8KT/m™c2 « (3.43)

for band to band tunneling, and
A, = (4a/3M3IKT/m*c? (3.49)

for tunneling via intermediate states in the bandgap, where we have considered
the average squared velocity change two times smaller. The effective mass is the
mass of the minority carriers in the bulk material.

For band to band tunneling from a surface inversion layer to the bulk, the
velocity change of carriers corresponds to an energy difference of the order of
the bandgap Eg plus an energy differnce of the order of the thermal energy 3kT/2,
provided we are dealing with deep inversion, as used in practical MIS devices in

the pulsed mode of operation. This yields the quantum 1/f coefficient
o, = (8/3MIE § + 3KT/2)/m¥c2 (3.50)

for band to band tunneling. For tunneling via intermediate states in the bancgap
he corresponding energy differnce will be smaller, and therefore we replace Eg

by Eg/2:
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X, = (4x/3ME /2 + AKT/2)m*cC, (3.51)

9

This relation is applicable both if the intermediate states are located in the
depletion reqgion or at the surface.

In the last four equations we did not divide by the number of carriers
simultaneously involved in the tunnsling process, because this number is less
than unity for practical tunneling currents. Whenever a cross section or a
process rate is tested with one electron cr less than cone eiectran at a time, the
effective number of electrens in the demominator of the quantum 1/f formula must
be replaced by unity. Let us calcuiate the average number of carriers
simultaneously present in the tunneling process at any time. The tunneling
process accurs over a distance d = Eg/eE‘., and the speed v of the carriers will be
of the crder of the thermal speed in the case of an accumulation laver, and of the
order cf the bandgap energy in the case of a surface inversion layer. Dividing d
by v, we obtain a tunneling time ¢ = 6+10~13¢ for accumulation lavers and t = 3¢
107135 for inversion layers. From Eq. (2.8) we know that the tunneling current is
of the order of 10"3A/cm?, Multiplying this by t, we obtain 3 - 610716 C, i.e.,
2000 - 3000 electrons/cm? tunneling simultaneously in a device of { em? area. In
a device of dimensions»SOjAm % SO/h.m = 2.5 1079 cm? the average number of
carriers in the process of tunneling at any time is therefore 0.05 - 0.073, and this
ic indeed much less than unity. Nevertheless, if the area of the device exceeds 5
104 cmz, Eqs.' (3.42) - (3.51) require an additional factor e/tJ4A which makes the
noise spectral density proportional tp Jt and A, rather than to the square of
thesa quantities.

The photoelectric current will reflect the fluctuations in the number of
photons arriving from the radiation background. The quantum efficiency will not
exhibit considerable quantum {/4 noice, because the generated carriers will be

corrected with certainty. Therefore the ccllection of photoelectrically generated
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carriers 1s not controled by any cross section or prccess rate affected by
considerable quantum 1/f noise. If we neglect the 1/f noise generated 1n the
series resistance ot the diode, there should be no photoelectrically generated {/f
noise from a short - circuited dicde.

Since the various dark current fluctuations with 1/f spectrum are statistically

independent, the total {/f noise is simply obtained by summing all contributions.

I11.4 1/f NOISE LIMITED PERFORMANCE OF MIS bIODES

Frem Eq. (2.4) we write the total dark current fluctuation in the form

JJd = JJdl‘F +JJdED +JJ5 "'(thb *’JJtC +JJtSC + qj(”z%. 4.1)

and the spectral density of current fluctuations will be neglecting J'Dl%)o

53d = 5Jdif * Sydep * Sus * Sutn * Sute * Sutser 4.2)
Here we have lumped the recombination current on the back surface Jy together
with the surface recombination (generation) current J.. If we denote all the

corresponding spectral densities of fractional fluctuations by a prime, S’ Ji =

S 5i/J;21 we obtain

T 2c: 21 20/

+ (th/Jd)ZS'th + (JtC/Jd)ZSIJ‘tC + (J’CSC/Jd)ZS,J‘tSC' (4.3)

This equatidn was obtained by dividing the previous equation through sz. and
shows that the biggest contribution will not necessarily come from the process
with the highest fractional quantum 1/f noise, i. e., with the highest 1/f noise
coefficient. The weight o4 each type of noise is determined by the corresponding

squared current ratio.
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The detectivity of infrared detactors is limited in general by three types aof

noise: (i) curent noise in the detector, (il) noise due to background photons (photon

~ noise), (iii) noise 1n the electronic system following the detector. We shall

neglect here the background photon noise and the noise in the electronic system.

The detectivity is defined as
D*O\, 9 = (Aah i/ 2/ NER(emH /2 /W) (3.8)

where A is the area of the detector, NEP the noise equivalent power defined as
the r.m.s. optical signal of wavelenghA reguired to produce r.m.s. noise voltage
(current) equal to the r.m.s. noise voltage (current) in a bandwidth A+, and f is the

frequency of modulation. The r;oise equivalent power NEP is given by
NEP = (h ma)t Spyani’2, (4.5)
Therefore we obtain for the detectivity
D*@, # = (qaa/ho) LA/54H11/2 = maasho LS54tHI71/2 (4.6)

We notice that D*(a, f) is proportional to A up to the ﬁeak wavelengthA.. ForA >Ae
we haveq = 0 and thué- D*a, = 0. By substituting our result for S we
obtain the general expression of the detectivity as a function of various
parameters of the MIS device,
Let us nov) evaluate the magnitude of the various dark current noise

contributions. With mh* = 0.55 Mgy M

n = 0.02 Mg,z = 10785, Eg = 0.4 eV, 3KT/2

= 0,01 eV, Ng¢= 1012/ch2. we obtain for a p - type device with WP >L . =

¢ - - 2 1/2 b
S' Jdié4 = % Hnd *% Hnr [/ FT 0y 44 IF (@) =L e l/2/CekT A1 /2N 3R (a)/a

4.6 10‘3/4mp) 4-10-10¢1/2,040765 1.5:105(cm2/Vs) 4-10"21 g31/2

1.510"%ecm2/¢, Cor = 10™8 cm2/¢, with 0(”= 2:107° ¢or incoherent noisel (4.7)
P

S’ tdep = A e/ Hlng +T Jtanh eV/2KT

po”dep

e
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= U oo/ feAwneV/2KT) e V/2KT = /fAwn, = 4.6 10 7em?/¢ (4.3)

§' gg = (4%/3M2/m*cILIKT/2 + eU/2 + 0.1Ve] Le tanhx /#(T, + T o)l
= (44/370.02)(2/500000000.025 + 0.5 + 0.51 e tanhx /feAwn;(e®V/2KT - )3

=710 8%ml/¢ (4.9)

S gip = (4d/3ME, + 3KT/2/m*c? = (4/9.5 137 0.02)(0.11/500000)

=3,310"3cm2/¢ (4.10)

S Jic = (44/3ME + IKTI/2m*c? = (4/9.5 137 0.02)(0.12/105)

= 1.8 10 %em2/6 = §* 4 (4.41)

S’ Jgis¢ Was calculated in the small bias limit for wo>>L, but wo= 0.25 L gives the

p P

same result; the incoherent case with a lattice constant of 0.65 nm and 8= 320 K

was also listed above (because a ioja_m thick device is very short, so it may be
applicable), and would give {.2 107 10%m2/¢ for an - type device. Egs. (4.8) -
(4.11) would be reduced only m:/m:= 27.5 times for n - type devices. We mention
that S* ;¢ has been calculated with the inclusion of a term of 10% of the applied
gate voltage V into the Kinetic energy of the carriers at the surface, and that for
the back surface recombinaiton current this term has to be dropped in the similar
expression of § j. l-iowever, we haQe neglected this het;e. because the surface
recombination terms will not turn out to be important, as we will see below. The
applied gate voltage was taken tobe V=5 V. Using Eq. (4.3) and the current

densities evaluated in Eqgs. (4.10) ~ (4.14) to calculate the fraction of each

current, we obtain

1em™2 § 5 10h) = (20/132)2 1.3 1076 + (10/132)2 4.6 1077 + (3.6/132)2 7 1078 +
(0.01/132)2 3,3 1078 + (2071322 1.3 1078 + (17.5/132)2 1.5 10~8
23,67 1073+ 2.6 10°11 45210711 4+ 1,9 10716 + 4.54 10~ + 3,17 10710

= 4,37 1073, or for incoherent 1/¢ noise, 7.4 10-7 (p) and 3 10-10 (n), (4.12)
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This value can be used in order to estimate the detectivity of the device in our
example. Substituting into Eq. (4.6), we obtain with a quantum efficiency ‘7L= 0.7

and wavelength of 10/am

D*, ) = maashe) [S;4H 371/ 2= 10.7-1.610719C 100 m/(5.67107 345 3°
108m/)3 0£/14.37°10 8cm? 1.74°1075A2/cm%13172 = 24107 (em Hz!/2/w) 172, on

for incoherent 1/f nose, 5°107 (p)y and 2.5 102 (). (4.13)

In conclusion we note that for the relatively large devices thch we have
considered, most of the quantum 1{/f noise comes from fluctuations in diffusion
and in the tunneling rate via impurity centers in the .bandgap. The effective mass
of the carriers is present in the denominator of all quantum {/f noice
contributions except the coherent quantum i/4 fluctuation present in the
diffusion current of large devices. In smaller devices the diffusion current will
also be given by the conventional quantum 1/ formula which contains the
effective mass of the carriers in the denominator. For umklapp scattering the
mass of the carriers in the denominator is even squared. Consequently we expect
lower quantum {/f noise from n - type devices, in which the minority carriers are

holes, particularly if the devices are very small, e.qg., below 10/( m.
I11.5 DISCUSSION AND RECOMMENDATIONS

The transition from coherent state quantum 1/f noise to conventional quantum
1/f noise is particularly interesting, and should be studied experimentally. This
is possible with a sequence of devices of smaller and smaller size, and will show
a consideralble change in noise at a size of the order of 10/Zm2. The theory of

the transition 1s not yet well developed. Therefore, this experiment has

particular importance; we do not know if the parameter s is sufficient to
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characterize the transission, and if the parameter s should not be replaced by a
power of s, or by any other function of s. The interpolation formula used here is
Mst a guess, or a speculation guided by the physical understanding of coherent
quantum 1/f noise as a collective-field effect, and of conventional quantum 1/¢
noise as an effect which is not based on the collective field state of the
particles, but arises from the individual field of each carrier,

The most interesting component of the recombination current is the surface
recombination current which plays a major role in the case of infrared detectors
with pn junctions. In the case of MIS devices this role is not so important, as our
calculation shows. Nevertheless, one should try to reduce both the concentration
of recombination centers and the value of the surface potential jump U. This can
be accomplished with careful surface treatment, and with a good passivation
layer. 5i05 layers have been successfully used by Radford and Jones in

_ion-implanted and double - 1-yer epitaxial HgCdTe photodiodesis.

In general the larger life time of the carri'ers in MIS devices, compared to
Junction devices is due to the absence of the damage inflicted by ion -
implantation, or by the heavy doping required in double - layer epitaxial
photodiodes. The quantum 1/4 noise is invesely proportional to this life time.
Therefore, MIS devices .should have lower 1/f noise. On the other hand, 1/+ noise
present in the applied gate voltage, in the timing of the readout and the value of
the readout potential will be added as a i/+ noise source, if it is present. In the
present calculation, however, this noise source has not been included.

Any reduction in the concentration of tunneling centers present in the bandgap
will have a positive effect on quantum 1/ noise. As we have seenin Sec. 11, p -
type devices should yield less tunneling via bandgap centers. The effective mass
present in the denominator of the quantum 1/ noise formula in this case should

Just be the effective mass of the carriers after the tunneling process, i.e., the
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effective mass of the outgoing carriers emerging from the process we have
considered, or the effective mass of the carriers coming in to the process of
tunneling toward the centers in the bandgap. Here we have considered the
tunneling process as the slower process which actually controls the rate of
tunneling via bandgap states. The capture of carriers by the bandgap states is
the second part of this compound process and has been considered fast enough, so
that it does not limit the rate of the total process. In general, however, both
parts of the process have to be considered as a limitation on the rate, and in this
case our noise formulae have to be revised through the inclusion of an additional
term similar to the recombination noise term.

In the case of very small MIS devices, where only conventional quantum {/+¢
noise should be present, we may find lower noise in the n - type devices, whose
bulk minority carriers are holes with much larger effective masses than the
electrons. This may happen in spite of the larger tunneling via bandgap centers
located right under the surface of these devices.

Finally, we would like to empahsize that the present study has attempted to
explain the basic concepts of quantum 1/f noise and to illustrate their application
to MIS infrared detectors. Although we have tried to pursue the calculation all
the way to the evaluation of the detectivity, the data which we used in the
calculation may not be applicable in the practical case at hand, and may have ta be
replaced with pertinent data in any concrete case.

The author would like to acknowledge the help of M. Belasco, M. Kinch, E, Kelso

and R. Balcerak in many discussions on MIS devices and their noise problems.
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